Abstract
chlamydia infections in women tested with a non-NAAT were undiagnosed and that the risk of progression from undiagnosed chlamydia infection to PID within 12 months was 9.52% (9.30-9.68). Using non-NAATs could lead to an excess 120 cases of PID per 100,000 women tested compared to using NAATs. The key limitations of this study are under ascertainment of PID cases, misclassification bias in chlamydia and PID exposure status, bias to the association between clinical presentation and test type and the presence of unmeasured confounders (including other sexually transmitted infection [STI] diagnoses and clinical indication for chlamydia test).
Conclusion
This retrospective observational study estimates the positive impact on women's reproductive health from using accurate chlamydia diagnostic tests and provides further evidence for restricting the use of inferior tests. Women with a negative chlamydia test have a 17% higher adjusted risk of PID by 12 months if they are tested using a non-NAAT compared to a NAAT.
Author summary

Why was this study done?
• There are a range of different tests that can be used to diagnose chlamydia infection.
Each of these tests has a different ability to separate the people who are infected with chlamydia from the people who are not infected.
• If a less sensitive test is used, there is a greater chance that an infection in a person with chlamydia won't be detected by the test. In this situation, the individual won't be treated and could develop a complication, such as pelvic inflammatory disease, or pass the infection on to someone else.
• We wanted to test our hypothesis that less sensitive (poorer performing) diagnostic tests leave a higher proportion of women who are infected with chlamydia undiagnosed and that this leads to a greater risk of them developing pelvic inflammatory disease within a year.
What did the researchers do and find?
• We used national administrative healthcare data from Denmark to identify women who were tested for chlamydia during the period 1998-2001 when less sensitive chlamydia diagnostic tests (non-NAATs) were gradually replaced by more accurate tests (NAATs).
We added information about any hospital presentations (inpatient, outpatient, or Emergency Department) with pelvic inflammatory disease that women had within a year of their chlamydia test.
• We used this dataset to compare the proportion of women who went on to be diagnosed with pelvic inflammatory disease by the type of chlamydia test that they were given (non-NAAT or NAAT). • There were 272,105 women in this study; 6.4% were diagnosed with chlamydia and 0.6% were diagnosed with pelvic inflammatory disease.
• Women who had a positive test and were diagnosed with chlamydia (and presumably given appropriate treatment for chlamydia) had an equal chance of developing pelvic inflammatory disease regardless of the diagnostic test type used. But for women who had a negative test and were not diagnosed with chlamydia, the chance of developing pelvic inflammatory disease was lower for those who received a more accurate diagnostic test.
• We estimate that almost 1 in 5 women who were infected with chlamydia at the time of their test, but were tested using the less sensitive non-NAATS, went undiagnosed. This could lead to an excess 120 cases of PID per 100,000 women tested with a non-NAAT.
Introduction
Sexually transmitted C. trachomatis (chlamydia) is the most prevalent sexually transmitted infection (STI) with an estimated 68,455,000 incident cases globally in women in 2012 [1, 2] . Chlamydia is the subject of intensive control efforts in many high-income settings [3] . The aim of diagnosing and treating chlamydia is 2-fold: to reduce the risk of progression to complications in the individual (including pelvic inflammatory disease [PID] ) and to reduce the risk of transmission to another individual (including neonates). The method of chlamydia diagnosis has advanced over time. Antigen-based diagnostic tests were introduced in the 1980s to replace culture [4] . Some of these antigen-based tests were relatively labour intensive and nucleic acid amplification tests (NAATs) were developed and increasingly robotized to increase the volume of tests that could be undertaken. The additional advantage of NAATs is that they have a real-world sensitivity of 90%-96%, which leads to a lower proportion of untreated infections (false negative tests) compared to antigen-based methods (direct immunofluorescence (IF) or direct fluorescent antibody (DFA) and enzymelinked immunosorbent assay (ELISA) or enzyme immunoassay (EIA) sensitivity 65%-75% compared to NAAT) [5, 6] .
To minimise the risk of undertreatment due to false negative tests, NAATs have been the recommended test type for the diagnosis of chlamydia since the early 2000s [7] [8] [9] . However, antigen-based methods remain in use in many settings, often due to resource constraints. They are also widely available for purchase online and sold over the counter in pharmacies, including for home testing [3] . The cost and availability of ASSURED (affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free, and delivered to end-users) diagnostic tests also hampers the implementation of chlamydia case management guidelines in lowand middle-income settings [2] . The WHO recommends syndromic management of vaginal discharge for low-resource settings and this has been widely implemented where expensive diagnostic tests are not available [10] [11] [12] [13] .
There are important health consequences from less sensitive diagnostic tests and syndromic diagnosis. Infected people with false negative tests are falsely reassured, undiagnosed, untreated, and remain at risk of complications and onward transmission of chlamydia whilst uninfected people with false positive tests are incorrectly diagnosed and given unnecessary treatment.
We hypothesise that the increased risk of undiagnosed chlamydia infection following the use of non-NAATs will lead to an observable higher risk of PID in women who test negative using non-NAATs compared to NAATs. We aim to estimate the risk of PID following an undiagnosed chlamydia infection in women tested with a non-NAAT.
Methods
Ethics statement
The 
Study design
The Danish Chlamydia study is a purpose-generated dataset of all chlamydia tests performed in public health laboratories in Denmark (including Greenland) between 1st January 1992 and 2nd November 2011. A full description of this dataset has been previously published [14] . For the present study we extracted all chlamydia test records from women aged 15-34 years that were performed between 1st January 1998 and 31st December 2001, the interval when nonNAATs were replaced by NAATs as the most common test type (S1 Fig). In Denmark, the contribution of NAATs to all non-NAAT/NAAT chlamydia tests was 23.5% in 1998 and 66.01% in 2001, and there were 696,987 female residents aged 15-34 years in 2000 [15] . Clinical Microbiology Laboratories (CMLs) switched from non-NAATs to NAATs at individually determined times, with the change-over occurring during the study period for most CMLs. The choice of chlamydia test was made by the CML not by the requesting clinicians and there were no changes to recommendations for chlamydia testing during the study period.
We excluded chlamydia tests that: (a) had an ambiguous result (defined as not positive or negative e.g., "inconclusive" or missing data) or (b) used a test type other than NAAT (defined as PCR, SDA, TMA, LCR, DNA, DNA/RNA) or non-NAAT (defined as ELISA, IF, "antigen") (examples of excluded test types: unknown, microscopy, culture). We then limited the dataset to the first chlamydia test per woman in this time interval (the index test), preferentially selecting positive tests and NAATs if multiple tests were performed on the same date.
We linked chlamydia test records to hospital healthcare records from the Danish National Patient Register (1993-2012) using the study ID number, which is anonymously linked to the unique Danish patient identification number (key held securely and not accessible to researchers) that is recorded in all administrative healthcare records [16] . Each woman's first recorded healthcare presentation (outpatient, emergency department, and inpatient) for PID was identified (defined as International Classification of Diseases version 10 (ICD-10) A18Á1; A51Á4; A52Á7; A54Á2; A56Á1; N70-74Á8, ICD-10 coding introduced in Denmark in 1994). Episodes of PID were defined as "previous" if they occurred before the index chlamydia test, "same day" if they occurred on the same date as the index chlamydia test, and "12 months" if they occurred between one and 365 days after the index test. We excluded women who had a history of PID before their index chlamydia test and women who were diagnosed with PID on the same day as their index test.
We defined a priori exposure categories as follows: age at chlamydia test (15-24 years; 25-34 years), year of chlamydia test (1998/1999 and 2000/2001) and chlamydia test positivity (yes/ no). Following peer review, we defined two additional explanatory variables: location of the laboratory processing the chlamydia test, defined as (a) STI clinic within their catchment (yes/ no), (b) "no" STI clinic as a single group with "yes" STI clinic divided into the five separate laboratories; repeat chlamydia test, defined using the method outlined above and limited to tests performed !30 and 365 days after the index test and 1 day before a PID diagnosis categorised as no/negative/positive. We also categorised age and year into multiple categories and as continuous variables.
Statistical analysis
For the cohort overall and by chlamydia test type we describe age, year, chlamydia test positivity, laboratory area, repeat chlamydia test, and incidence of PID by 12 months. We used Chisquared tests to compare the proportion of women in each category by chlamydia test type.
We estimated the risk of PID following an undiagnosed chlamydia infection in women tested using a non-NAAT. To do this, we estimated "i" the proportion of women tested with a non-NAAT who had an undiagnosed infection, under the assumption that NAAT positivity is equal to true population chlamydia positivity (where i = [NAAT positivity] − [non-NAAT positivity]) and "j" the excess proportion of women tested with a non-NAAT who were diagnosed with PID (where j = [risk of PID following a non-NAAT]-[risk of PID following a NAAT]). We then make the assumption that all the observed excess cases of PID in women tested with a non-NAAT (j) occurred in the proportion with an undiagnosed chlamydia infection (i) to estimate "p" the risk of PID following an undiagnosed chlamydia infection in women tested using a non-NAAT (where p = [j]/[i]). Finally we estimate "r", the number of excess cases of PID that would be observed per 100,000 women tested using a non-NAAT compared to a NAAT (where r = [i]
Ã 100,000). We used logistic regression to determine the association between chlamydia test type and PID by 12 months adjusted for age, year, and laboratory area. We repeated the analysis stratified by chlamydia test result due to the known difference in the performance of NAAT and non-NAAT diagnostic tests. For each sub-cohort, we compared the risk of PID at 12 months by test type using a difference between two proportions test and adjusted logistic regression analysis. We then repeated this logistic regression analysis including repeat chlamydia test as an explanatory variable. PID is a relatively rare event in this cohort, therefore we refer to the resulting odds of PID as "risks" in the results and discussion because probability is a more natural measure.
Results
Generation of the study dataset is illustrated in Fig 1. There were 272,105 women resident in Denmark aged 15-34 years who had an eligible chlamydia test during the study period (1998) (1999) (2000) (2001) and no documented previous history of PID. The mean age of women on the date of their index chlamydia test (i.e., at entry to the study cohort) was 24.80 years (standard deviation 5.06, range 15-34 years). Under half of this cohort were tested using a NAAT (n = 121,857, 44.78%), and overall, chlamydia test positivity was 6.38% (n = 17,353) ( Table 1) . A repeat chlamydia test was performed in 61,890 women, of which 5.63% (n = 3,484) were positive. The five laboratories with an STI clinic in their catchment area performed 76.20% (n = 207,331) of the index chlamydia tests. Two of these five laboratories did not perform non-NAATs during the study period (S1 Table) . Compared to women tested using a non-NAAT, women tested using a NAAT were more likely to be younger, tested after 1998, tested by laboratories in areas without an STI clinic, to have a positive index test, and to have a positive repeat test (Table 1) . Overall, 1,732 (0.64%) women had a hospital healthcare presentation for PID within 12 months of their chlamydia test. Over half (52.19% [n = 904]) of women diagnosed with PID were inpatients, 25.40% (n = 440) were outpatients and 20.44% (n = 354) were treated in emergency departments (the location was unknown for 1.96% [n = 34]). There was no difference in the proportion of women with a positive test who progressed to PID within 12 months by test type (0.78% non-NAAT and 0.81% NAAT, p = 0.805, Fig 2) , but a higher proportion of women progressed to PID following a negative non-NAAT compared to a negative NAAT (0.69% non-NAAT and 0.55% NAAT, p < 0.001).
Test positivity was 18% higher following a NAAT compared to a non-NAAT (absolute difference 1.26%, equal to 7.07% minus 5.81%). Therefore, compared to women tested with a NAAT, we estimate that 1.26% (equal to the difference in test positivity) of women tested using a non-NAAT had an undiagnosed chlamydia infection and an additional 0.12% (equal to 0.69% minus 0.57%) were diagnosed with PID. Therefore, the estimated risk of progression from undiagnosed chlamydia infection to PID within 12 months is 9.52% (95% CI 9.30-9.68), and there would be an estimated 120 excess cases of PID per 100,000 women tested with a non-NAAT compared to a NAAT.
The unadjusted risk of PID within 12 months of a chlamydia test was significantly higher in women tested with a non-NAAT, tested in 1998 compared to 2001, aged over 25, and with a positive rather than a negative index test (odds ratio [OR] 1.27 [95% CI 1.07-1.52]) ( Table 2 ). The unadjusted risk of PID in the overall cohort became significantly higher at age 29 (S2 Table) . In a further stratified model including the first repeat chlamydia test within 12 months, women with a positive index test had a 62% lower risk of PID following a negative repeat test compared to women without a repeat test (AOR 0.38 [0.26-0.57]) (S3 Table) . For women with a negative index test, having a repeat test was not significantly associated with PID. 
Discussion
Women with a negative chlamydia test had a 17% higher adjusted risk of PID (absolute difference 0.14% [0.69% compared to 0.55%]) by 12 months if they were tested using a non-NAAT compared to a NAAT, but there was no difference in the risk of PID following a positive chlamydia test, supporting our hypothesis. This is presumably due to the higher proportion of false negative tests from less sensitive non-NAATs and we estimate that 18% of chlamydia infections in women tested with a non-NAAT went undiagnosed. This study suggests that the risk of progression to PID following an untreated infection was 9.52%. We quantify the health impact of using less sensitive chlamydia diagnostic tests as an excess 120 cases of PID per 100,000 women tested, which provides further evidence for restricting the use of non-NAATs and other less sensitive diagnostic tests. This is the first published comparison of the risk of PID following chlamydia testing that takes into account diagnostic test type. There are several factors that have the potential to contribute to the observed excess risk of PID following a negative non-NAAT compared to a NAAT. Firstly, a higher proportion of women tested with non-NAATs were from the older age group compared to the younger age group. PID risk is known to increase with age but the increased risk of PID remained after adjustment for age [17] . Secondly, non-NAATs were more common in the earlier time interval but it is unlikely that there were PID risk factors (e.g., prevalence of non-chlamydia causes of PID) specific to this period that resolved by 2001 and the association remained in the adjusted analysis. Thirdly, there is the potential for bias in the application of chlamydia diagnostic test type by PID risk or other unmeasured confounders. However, the choice of diagnostic test was undertaken in the laboratory (not by the clinician), and each laboratory usually changed from non-NAATs to NAATs at a discrete time as machinery was replaced, therefore with only a short test overlap until the old test was closed down. The association remained after adjustment for the presence of an STI clinic in the catchment of laboratories.
Therefore, the most likely explanation for a difference in the risk of PID by test type following a negative chlamydia test is the difference in test performance and the proportion of undiagnosed infections. In this cohort, chlamydia test positivity was 18% higher in women tested with a NAAT compared to those tested with a non-NAAT (7.07% compared to 5.81%), which is broadly in keeping with the reported 65%-75% sensitivity of non-NAATs compared to NAATs [5, 6] .
NAATs are universally recommended for the diagnosis of chlamydia in sexually active adults but their use is infrequent in a significant minority of European countries (n = 9/28) [3] . Data collected from 28 European countries in 2012 by the European Centre for Disease Prevention and Control found that NAATs were unavailable in the public sector in five countries and at least four countries used non-NAATs for the majority of chlamydia diagnostic tests. It is likely that the higher price of NAATs compared to non-NAATs is at least partly contributing to the reported deviation from international guidance. In addition to use by public-sector authorities, EIA chlamydia tests are easily available for purchase online and in-person in many countries. It can be difficult to access information about the test, including its performance, which raises challenging questions about the regulation of online diagnostic tests.
Syndromic management of vaginal discharge is widely applied in low-resource settings where diagnostic tests are unavailable [13] . This approach generally leads to an overdiagnosis of chlamydia in uninfected women and undertreatment of those who are asymptomatic (estimated to be 80% of all infections) [2] . A recent expert commission supports the development of point-of-care tests (POCTs) for use in low-resource settings as a major player in the pathway to improved chlamydia control [2] . But current efforts are hampered by the poor performance of POCTs (sensitivity in women 22.7%-93.8%, specificity 89.0%-100%) [2] . The WHO is planning to develop guidance on STI laboratory diagnosis and screening in 2017/2018. We hope that this will address the challenge of balancing the risks of using less sensitive diagnostic tests against syndromic management approaches in the context of resource availability and chlamydia control impact [9] .
Of further relevance to chlamydia control policy, our supplementary analysis suggests that the age at which the risk of PID increased was 29 years, which is older than the cutoff (25 years) commonly used in chlamydia testing guidelines. This interesting finding warrants further exploration.
In this analysis we made crude assumptions about the underlying prevalence of chlamydia infection and the number of women at risk of PID in the non-NAAT group to estimate that the risk of progression to PID following an undiagnosed infection was 9.52% (9.30-9.68 ). This estimate is remarkably consistent with the most robust observed risk of 9.46% (2.79-16.13) from the Prevention Of Pelvic Infection (POPI) Randomised Controlled Trial (RCT) [18] . This similarity in result would suggest that the estimates are approximating a true underlying biological risk. However, cohort studies of the risk of complications following chlamydia infection are hampered by the unknown impact of unmeasured confounders including undiagnosed repeat chlamydia infections, other incident STIs, and diagnostic biases. A further methodological challenge is that all subsequent diagnoses of PID within the timeframe are attributed to the incident chlamydia infection, which is likely to overestimate the true biological association. It is important to acknowledge that some of these limitations can be considered to apply equally within the POPI RCT as women were not repeatedly tested for STIs during follow-up.
We agree that parameter estimates obtained from cohort studies should be interpreted cautiously. However, this is the second example of the Danish Chlamydia Study producing estimates of the risk of complications following chlamydia that are consistent with other study designs. In a recent analysis, our estimate of the population excess fraction of chlamydia on PID was consistent with estimates from a multi-parameter evidence synthesis [19] . We suggest that the consistency between our estimates and those of others support the view that cohort studies are a valid and informative study design in this context.
For completeness, we should consider that NAATs are not without their critics. Hadgu and Sternberg argue that the true specificity of NAATs is lower than that commonly reported and that the risk of progression to PID is lower following NAATs compared to other diagnostic test types because NAATs can detect small quantities of genetic material that may be associated with infection of lower pathogenic potential [20] . Our study does not support this hypothesis as we found no difference in the risk of progression to PID following a positive diagnostic test The data used in this study was drawn from an unselected dataset that contains complete ascertainment of chlamydia tests performed in public laboratories in Denmark (1992 Denmark ( -2011 . There are no private microbiology laboratories in Denmark, therefore the study cohort is representative of the national population of women aged 15-34 years who were tested for chlamydia. However, within this representative cohort, there is the potential for a systematic difference in the clinical risk profile of women tested by CML because only five CMLs had an STI clinic in their catchment at the time of the study. These CMLs are situated in large metropolitan areas. In the study dataset the proportion of tests performed using a NAAT varied from 5.5% to 100% for the CMLs with STI clinics in their catchment, but as a group this proportion was more similar to those observed in CMLs without STI clinics and the overall cohort (42.7%; 51.5%, and 44.8% respectively). We are not able to explore this potential bias further because data on the source of the chlamydia test (e.g., STI clinic or primary care) or the clinical indication for the test (e.g., symptomatic or asymptomatic) is not available. To control for potential confounding between test type and PID, CML was included in the adjusted analysis.
We applied exclusion criteria to improve the accuracy of chlamydia exposure categorisation. The coding in the original laboratory data did not allow identification of specific manufacturers' tests, therefore we categorised chlamydia test type broadly into NAAT and non-NAAT (excluding culture and microscopy). Our analysis assumes a homogenous performance of diagnostic tests within a category.
A four-year time interval that spanned the introduction of NAATs in Denmark was chosen to maximise the study population size whilst limiting the potential for other relevant secular changes. The study cohort represents approximately 39.0% of Denmark's female population, 15-34 years (n = 696,987 on 1st January 2000) [15, 21] . Generalisation of the findings from this analysis to the contemporary setting may be compromised if intervening updates to chlamydia testing policies have led to a change in the composition (demographic or risk) of the population being tested for chlamydia.
We used a broad ICD-10 definition of PID that is consistent with comparable research. The ICD-10 codes included in the final dataset were all within the range N70-74.4. Healthcare presentations with a diagnostic code for PID were obtained from the hospital setting (emergency department, outpatient and inpatient). Data on cases of PID that were only seen in primary/community care were not available, therefore our estimates of the absolute risk of PID following chlamydia are likely to underestimate the true risk. We consider that the PID events included in this study will represent the more severe disease in the population and therefore potentially the most significant events in terms of future reproductive health. The incomplete ascertainment is unlikely to be biased by chlamydia test type. We excluded women who were diagnosed with PID on the same date as their index chlamydia test as this is independent of chlamydia test type. We also excluded women with a past history of PID to reduce any potential biases in future risk.
Chlamydia exposure status in this cross-sectional study is based on a single diagnostic test result and we assume that all diagnosed infections were treated. We did not apply exclusion criteria based on women's previous history of chlamydia testing or infection. We assume that the distribution of both diagnosed and undiagnosed previous chlamydia infection (before 1998) would be independent of chlamydia test type.
This analysis also assumes that there is a causal relationship between the index chlamydia infection (diagnosed or undiagnosed) and subsequent PID. To improve this assumption, we limited episodes of PID to those within 12 months of the chlamydia test as the estimated duration of an untreated chlamydia infection is in the order of 15 months and RCTs report the risk of PID at 12 months after the test [22, 23] . This assumption is likely to overestimate the measured strength of association. We were able to adjust the analysis for test year, age, laboratory area, and repeat chlamydia test but data on other confounders were not available (e.g., indication for the chlamydia test (symptomatic or asymptomatic); antibiotic use; individual level incidence of other causes of PID (e.g., other STIs); healthcare seeking behaviour). It is unlikely that these confounders are associated with diagnostic test type.
Conclusion
NAATs have been the recommended test type for the diagnosis of chlamydia in sexually active adults for over a decade due to their superior performance over non-NAATs. We found that women with a negative chlamydia test had a 17% higher risk of PID by 12 months if they were tested using a non-NAAT compared to a NAAT and estimate that using non-NAATs will result in an additional 120 cases of PID per 100,000 tested women. This is presumably due to the higher proportion of false negative tests. This study has quantified the positive impact on women's reproductive health from using accurate chlamydia diagnostic tests and provides further evidence for restricting the use of inferior non-amplified assays including antigen-based diagnostic tests. 
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